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Abstract

The goal of this project was to test the ability of proposed x-ray telescope Lynx to observe dim
extragalactic phenomena. To conduct this examination, we simulated rising plasma bubbles in the
intracluster medium, which are thought to be caused by the jets of Active Galactic Nuclei [AGN].
Simulations were passed through Simx, a program designed to emulate the quality of images produced by
telescopes. Statistical and qualitative analysis on the images followed, with the goal of determining if
simulated bubbles remained visible under a variety of conditions. Conditions tested included exposure
times, orientation of bubbles with respect to the viewer, and distance between bubbles and the center of
the cluster.
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Background

Lynx is a proposed next-generation x-ray observatory, one of four missions to have been placed under
consideration in the NASA 2020 Decadal Survey. The proposed observatory would be composed of a series
of grazing incident mirrors with an outer diameter of 3m and an effective area of 2m2 at 1 keV.
Instruments on board the observatory include a High-Definition X-ray Imager [HDXI], which would feature
a pixel size of less than 0.5 arcseconds, a 20 x 20 arcsecond field of view and a spectral resolution of 100 eV
from 0.1 – 10 keV. This instrument would improve massively upon the capabilities of currently available
technology – compared to a modern x-ray telescope such as Chandra, Lynx would provide 50x greater
throughput, would be able to maintain its spatial resolution 16x farther out, and could survey the x-ray
sky 800x faster [Gaskin et al., 2019].
One area in which Lynx’s improved technology may prove greatly beneficial is the continued research of
“the cooling flow problem,” which has dominated the study of galaxy clusters in the past two decades. The
nature of the problem is as follows: research from individuals such as McNamara & Nulsen
[McNamara and Nulsen, 2007] has shown that that gas in the cores of galaxy clusters have cooling times
significantly shorter than their age – in some cases being as low as 3 Gyr [Dunn and Fabian, 2006]. If these
gasses were allowed to cool uninhibited, we would expect to see massive growth in the stellar masses of
most galaxy clusters at this point in time. Observations of clusters have shown some moderate rate of star
formation - the highest being in A1835, which possesses a rate of ∼125 M⊙ yr−1 . However, even in this
extreme example, the rate of stellar formation does not equal the mass cooling rate – estimated for A1835
to be 1000M⊙ yr−1 [Fabian, 2012]. This discrepancy points towards the existence of a heat source
somewhere within the cluster which prevents the gas from effectively cooling.
Of all candidate heat sources, the most popular in recent literature is an AGN at the the center of the
Brightest Cluster Galaxy [BCG]. It is proposed that infalling matter, in the form of ionized plasma, may
generate magnetic field lines around the supermassive black hole, which may in turn cause the formation of
large radio jets which serve to blow hot matter into the intracluster medium [Diehl et al., 2008]. Several
steps of this process have already been observed by astronomers; almost all BCG AGN have been shown to
have an active radio-loud source, and the majority of clusters - 95%, as of 2012 - with cooling times of less
than 3 Gyr have been shown to have associated cavities once projection effects are considered
[Fabian, 2012]. Some examples of these cavities, taken from observations by Chandra, are shown below:
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Figure 1: Chandra X-Ray images showcasing the interaction between BCG AGN and the surrounding
intracluster medium. [Fabian, 2012]
Notable efforts to constrain the nature of these cavities include the work of Steven Diehl and Hui Li in
2008, who by analysing multiple cavity-containing clusters were able to determine that there existed a
powerlaw relationship between the radius of cavities and their distance from the center of the cluster. This
relationship is showcased by the following plot:

Figure 2: A chart comparing radius of the cavities of multiple clusters to their respective distance from the
center of their host clusters. Note the powerlaw model that emerges when both parameters are plotted in
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log scale. [Diehl et al., 2008]
Currently, further investigation of these clusters is held back by a lack of spatial and spectral resolutions at
key wavelengths, both of which are required to accurately map the ways in which jets interact with the
surrounding intracluster medium. It is in solving this issue that next-generation telescopes such as Lynx
may prove vital for future studies.
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4.1

Investigation
Overview of Tools Used For Analysis

First, a galactic cluster is simulated using a spherical extended source placed in a 3D IDL environment.
Typically, a hydrostatic isothermal model is used to describe the surface brightness profiles of rich clusters.
[Mulchaey, 2000]. Following these practices, we utilize a modified version of the standard beta model for
our surface brightness calculations. Our model in particular is the result of two standard beta models being
added together. This is yet another common practice, and stems from the fact that singular beta models
tend to be a poor fit for galaxy clusters; particularly at the center, where an excess of emission is observed
[Mulchaey, 2000]. Parameters for our beta model were selected from observations of ABEL 133 by
Vikhlinin et al. in 2005, shown in the below figure:

Figure 3: Table of beta model parameters as observed from various galactic clusters. [Vikhlinin et al., 2006]
ABEL 133 in particular was selected for this experiment because the cluster is relatively simplistic and
roughly spherically symmetric. This made it ideal for the construction of models without necessitating a
very complex simulation.
Once a source has been generated using the above parameters, two spheroids are subtracted from the
model in order to simulate intracluster cavities. A number of simplifications were made for these cavities in
order to keep simulation times reasonably low - across all experiments, these cavities are identical in shape,
equidistant from the center of the source and lay on an axis which includes both cavities and the center of
7

the source. Unless otherwise specified, this axis is oriented along the Y axis on the YZ plane – this
corresponds to a line-of-sight angle of 90◦ . An image illustrating this coordinate system will be provided
later in this section, when DS9 is discussed. Following the work of Diehl & Li, the radius of each cavity was
set to be dependant on its distance to the center of the galactic cluster using the function rb = 0.6 ∗ r0.96 .
This function was derived directly from the plot shown in the previous section.
Once cavity generation is completed, the image is flattened into a 2D projection and saved as a .fits file.
This file is then fed into a program called ‘Simx’. Simx is designed to simulate real observations by
mimicking the response of detectors onboard various missions [Yamaguchi et al., ]. The following
parameters were input into Simx:
• Pointing RA/DEC: This input set the coordinates of the center of the output image. This was
matched to the same position as the center of the input image, the location of which was checked by
inputting the model into DS9.
• Exposure Time: This input set the amount of time, in seconds, the telescope was allowed to observe
the source. This variable was modified as per the needs of specific experiments.
• SourceFlux: This input set the total flux of the source in units of erg ∗ cm−2 ∗ s−1 . This variable was
set to a constant 5 ∗ 10−11 across all experiments, a value which modeled the flux of galactic cluster
PKS 0745-191 as observed by Edge et al. in 1990 [Edge et al., 2000]. We selected this cluster in
particular due to its redshift of 0.1, which placed it at an ideal distance for Lynx’s 20 x 20 arcminute
field of view.
• SourceSpectrumType: This input determined whether or not the simulation will use a user-created
spectrum file in order to model the energy of its photons. For the sake of simplicity, we decided not to
do so in this experiment, and set this parameter to ‘Mono’. The selection of Mono assumes that the
spectrum is MonoEnergetic; I.E. that all photons from the source have the same amount of energy.
• MonoEnergy: This input set the energy of each monoenergetic photon. We chose to set each photon
to an energy of 1 keV, an energy level at which Lynx maintains its 2m2 effective area.
• RandomSeed: This input determined whether or not the sequence of random numbers produced for
each simulation was randomized each time the simulation ran. We set this to a value of ‘0’, thus
opting out of randomization.
• MissionName: This input determined which mission Simx chose to emulate. We selected Lynx.
• InstrumentName: This input determined which of the various instruments onboard Lynx would be
emulated. We selected the HDXI instrument.
• ScaleBkgnd: This input determined how the background noise would scale on the image. We set this
to a value of ‘1.0’, allowing the background to scale linearly.
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Simx outputs an evt.fits file, which can be interpreted by an image processing software such as DS9. In
DS9, a gaussian smooth is applied to the images in order to increase the visibility of the cavities. Unless
otherwise specified, the smoothing had parameters of r = 3, σ = 1.5. After smoothing, data is extracted
from the simulated observations through the use of Pie And Annulus [PANDA] regions. Two regions,
identical in size and shape, are applied to each image. One is overlapped with either of the cavities, and
the other is oriented perpendicularly such that it contains as little of the cavities as possible. This second
region is treated as ‘background’ data in later analysis.
The bin size of these regions was allowed to vary up to a maximum size of 2 arcseconds per annulus, as
some images were particularly large. However, a general effort was made to keep the bin size as close to 0.5
arcseconds per annulus as possible. This size approaches the resolution of one pixel in the simulated
images, and keeping our bins close to this size helped to keep errorbars reasonably small. Radius of the
regions similarly varied as needed, but regions were generally started at the center of the cluster and
extended such that there was some amount of data from behind the cavity. Once regions were properly
overlaid on the image, radial profiles were generated and saved in a .dat format. An example image
showing both PANDA regions and the coordinate system is provided below:

Figure 4: Example cavity simulation including DS9 PANDA regions. Green corresponds to the region
containing a cavity, while blue corresponds to background data. Also note the inclusion of axes – the x axis
can be assumed to be coming out of the page.
The last step in analysis is to export these .dat files into Veusz, a python-based plotting package. Residuals
of each source are created by subtracting the counts of the background region from the cavity region - due
to the way the models were originally constructed, is the rough equivalent to fitting the data with a beta
model. Residuals are then plotted against the radius of the region – since each region started at the center
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of the image, this is roughly equivalent to the radius from the center of the cluster. If a cavity is detected
with statistical significance, we expect to see a sharp dip into ‘negative counts’ in the relative surface
brightness on the y axis of the plot. This implies that the cavity is dimmer than the background – as we
would expect, as these cavities are regions of lower intracluster medium density and thus emit fewer
photons.

4.2

Impact of Exposure Times

For this experiment, simulations were run for a cavity distance of 100 kpc. Exposure times in Simx were
allowed to vary between 2 – 16 ks, and PANDA regions were given a bin size of 0.5 arcseconds per annulus.

Figure 5: Residuals of cavities with exposure times ranging between 2 - 12 ks. Note the roughly linear rate
of decrease in the minimum relative surface brightness.
As expected, higher exposure times resulted in a larger magnitude in the relative surface brightness
between the cavity and background data. Notably, the relationship between the minimum relative surface
brightness and the exposure time appears to be linear, with each ks of observation time corresponding to
an increase in the minimum relative surface brightness of roughly 6.78 counts.
Based on these observations, we can predict that cavities at this particular distance and orientation may be
visible with a minimum observation time of ∼147s. Below this point, estimates suggest that the magnitude
of the minimum relative surface brightness would fall below a one-count difference; at this point, the source
would be unobservable even under ideal conditions. For the study of cavities at larger distances and
non-ideal orientations to the line-of-sight, we predict that an observation time of 4ks may provide useful
data. This prediction will be tested in later experiments.
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4.3

Impact of Cavity Distance to Center of Galactic Cluster

In this experiment, simulations were run for cavity distances ranging from 100 – 400 kpc, while exposure
times were set in Simx at a fixed value of 10ks. Bin sizes had to be adjusted to accommodate cavity sizes
at large distances; 0.5 arcseconds per annulus was utilized for the 100 kpc trial, and a further 0.5
arcseconds were added for each increase of 100 kpc from the cluster center.

Figure 6: Residuals of cavities centered 100, 200, 300 and 400 kpc from the center of the galactic cluster.
Note the gradual decrease in magnitude of the observation.

As the center of the cavities progressed further from the cluster center, the magnitude of the relative
surface brightness decreased as expected. As in the previous experiment, we attempted to extrapolate this
data to larger distances by plotting the minimum relative surface brightness against the distance to the
cluster center. The plot on the following page resulted:
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Figure 7: Plot of minimum relative surface brightness against distance from cavity to center of the galactic
cluster. Note the powerlaw model that emerges.
Notably, a powerlaw model provided a reasonably good fit for our data set. Based on this data, we can
infer that 10 ks of exposure time may permit the detection of cavities to ∼650 kpc; beyond this point, the
magnitude of the relative surface brightness would once again fall below one count.

4.4

Impact of Cavity Orientation

For this experiment, simulations were run with a cavity distance of 100 kpc, a bin size of 0.5 arcseconds per
annulus and an exposure time of 4 ks. In order to test the impacts of projection on cavity visibility,
cavities was allowed to rotate about the z axis, shifting gradually from the y axis towards the line-of-sight.
Angles of rotation between 40◦ and 80◦ from the y axis were tested. As rotation increased, the cavities
would first appear to get closer to the center of the image in DS9; then, as rotation surpassed 60◦ , the
cavities appeared to overlap. This effect is demonstrated below:
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Figure 8: Left: Cavities with 60◦ rotation. Middle: Cavities with 70◦ rotation. Right: Cavities with 80◦ .
Note the increasing overlap of the cavities as the angle rotation is increased.
In our residual plots, this corresponded with two separate trends. First, cavities appeared to be centered
closer to the cluster center than expected, with higher angles of rotation corresponding to slightly lower
apparent cavity distances. Second, cavities with rotations in excess of 60◦ appeared to be underestimated in
size. This was likely a result of the manner in which we collected our background data, as high levels of
alignment with the line-of-sight would result in some amounts of cavity being present in background
regions. It remains untested if this underrepresentation would persist if more traditional methods of data
fitting, such as the construction of a beta model fit in Veusz, were utilized.

Figure 9: Residuals of cavities ranging between 40 and 80 degrees of rotation. Note the sharp decrease in
significance between 70 and 80 degrees of rotation.
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Beyond the two trends outlined above, it should be noted that higher angles of rotation corresponded
generally to lower magnitudes in observations, with an especially prominent rate of decrease between
70◦ and 80◦ of rotation. This is likely due to the brightness of the central cluster washing out the cavities.
With the methods used in this paper, we have determined that cavities would be detectable to within 30◦ of
rotation from the line of sight, and marginally detectable to within 20◦ of rotation. Cavities were not visible
when directly aligned with the line-of-sight, though it is unclear if this would remain true with other
methods of fitting.

4.5

Trials of Cavities with Randomized Orientations

For this experiment, three sets of trials were simulated – one at 50 kpc, one at 100, and one at 200 – with
each set consisting of 10 images run with a 4ks observation time. In an attempt to simulate more realistic
conditions, cavities were given a random orientation about the x, y, and z axes.
Once all of the trials were prepared, a visual inspection was conducted with DS9. Any images in which the
cavities were difficult to see were labeled marginal detections, and were subsequently exported to Veusz.
There residuals were created to check if the cavities were visible with any statistical significance. The
results of these residuals are presented on the following page:
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Figure 10: Residuals for marginal plots of 50, 100 and 200 kpc randomized trials. Note the general underestimation of size and shift of cavity centers to the left of the plot.
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In both the 50 and 100 kpc trials, 2 marginals were exported to Veusz for analysis. Three marginals were
flagged for analysis in the 200 kpc trials, by comparison, consistent with the increased difficulty of
detection we would expect as the distance to the center increases. All marginal detections were able to
produce statistically significant data with the exception of Ellipse #3 in the 200 kpc set, further supporting
the increased difficulty of detection associated with the larger cavity distance.
Notably, all marginals show signs consistent with rotation near the line-of-sight, being both closer to the
center of the cluster than anticipated and underestimated in size. The 50 kpc trials appear to be centered
around 30 kpc, with a diameter of less than 20 kpc. Meanwhile, the 100 kpc trials appear to be centered
around 65 kpc, with diameters in the rough vicinity of 20 – 35 kpc. Both of the detectable 200 kpc trials
also appear both further to the right and smaller than expected, but of note in this set is Ellipse #4, which
curiously appears centered farther out than Ellipse #8. This is inconsistent with previous data, where a
lower magnitude of relative surface brightness typically corresponded with a cavity appearing closer to the
cluster center. It may very well be the case, however, that this is due to the cavity’s rotation about the x
and y axes – the effects of these sorts of rotation on the apparent center of the cavity cluster were not
considered during the orientation experiment.
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Conclusions

Based on these experiments, we can arrive at a few useful conclusions. First, Lynx might be able to see
cavities effectively out to 400 kpc; this would represent a marked improvement on current data, which has
currently recorded cavities out to distances of only 200 kpc. Second, it may be possible to obtain useful
data in most scenarios with observations as low as 4ks, as we saw in the cavity orientation and random
trial experiments; this is once again a dramatic improvement on the median for Chandra observations of
this kind of source, which sits around 40 ks. We also found that observations may become difficult if the
cavities are within 30 degrees of our line-of-sight – or past around 70 degrees of rotation on the YZ plane –
and our results were confirmed reasonably well by our randomized trials. However, it is possible that Lynx
may be capable of yet finer detections, as our method of data analysis likely inhibited our ability to observe
cavities very near to our line of sight.
Future work should focus on both increasing the complexity of the models used here to better mirror real
world data and on increasing the number of trials used for each experiment. The impacts of non-spheroid
cavities and clusters, proper spectrum or background noise models, and the existence of more than one pair
of cavities simultaneously or cavities which may exist off-axis are all factors which further experimentation
may address.
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